Introduction
One of the most critical steps in X-ray crystallography is to determine the phases of the diffraction data, which can be a bottleneck in the use of this technology and is called the phase problem. Molecular replacement (Rossmann, 1990; Rossmann & Blow, 1962 ) is a rather effective and economical method of solving the phase problem without the need to prepare heavyatom or selenomethionine derivatives as is required in the isomorphous replacement method (Blow & Rossmann, 1961; Perutz, 1956 ) and the anomalous dispersion method (Pannu & Read, 2004; Hendrickson, 1991; Pä hler et al., 1990) . In general, molecular replacement can be straightforward if the search model shares at least 30% sequence identity with the unknown structure. A common notion in molecular replacement is that a correct solution requires the root-mean-squared deviation (r.m.s.d.) of the C atoms between the search model and the target structure to be no greater than 1.5 Å . Hence, a good starting model is a crucial part of a successful molecularreplacement process.
Traditionally, molecular replacement is performed using the Patterson-based approach (Rossmann & Blow, 1962) , which divides the vectors in the Patterson map into intermolecular vectors and intramolecular vectors, thus enabling separation of the rotation search and translation search. The Patterson function is essentially the Fourier transform of the intensities rather than the structure factors. In applying the Patterson method, in addition to the conventional use of atomic structures as search models, cases of molecular replacement using envelopes have also been reported (Urzhumtsev & Podjarny, 1995) . In these cases, an artificial reduction in resolution could improve the accuracy of the target function; this was first studied by Urzhumtsev & Podjarny (1995) and later utilized in the program SoMoRe (Jamrog et al., 2003) .
In structural biology, nuclear magnetic resonance (NMR) is a powerful tool complementary to X-ray crystallography which is able to provide structural information in solution and in the solid state. The number of structures solved by NMR has increased rapidly, which makes a large pool of resources available from which crystallographers can choose molecularreplacement (MR) search models. However, using NMR structures as search models to solve a crystal structure by MR is not always successful, even if the NMR structure is of the same protein. There is sometimes large global structural disagreement between X-ray and NMR structures, mainly owing to the fact that solution NMR data represent molecules in solution while X-ray diffraction data reflect an average over molecules arranged in a periodic crystal lattice.
In 1987, Brü nger and coworkers first showed that information derived from solution NMR structures can be employed in solving crystal structures by MR using the known structure of crambin (Brü nger et al., 1987) . Since then, several successful cases have been reported of using NMR structures as MR search models. Chen and coworkers have summarized a general protocol of how to apply MR using NMR models by studying a number of test cases (Chen et al., 2000; Chen, 2001) . Discussions regarding how to utilize NMR models in molecular replacement have mainly focused on the preparation of NMR search models. The most intuitive design is to remove structurally disordered regions such as long flexible chains or loops or to combine flexibility information into search models by using a composite search model (Mü ller et al., 1995; Kleywegt et al., 1994) or artificial temperature factors (Wilmanns & Nilges, 1996; Baldwin et al., 1991; Anderson et al., 1996) . A different method was developed to improve the accuracy of NMR structure models by energy-based refinement (Qian et al., 2007) . Another NMR model-preparation protocol called FindCore has been reported that identifies one or more sets of 'core atoms' with well defined positions (Mao et al., 2011; Snyder & Montelione, 2005) , and recently the program AMPLE has been used to process NMR ensembles into MR search models by a cluster-and-truncate method (Bibby et al., 2013) . Here, we present a different approach to handle the disagreement between the NMR and crystallographic data. In addition to the usual search-model preparation from NMR data, we build a molecular envelope around the C atoms and search at low resolution. Envelope phasing is a method that utilizes protein envelope information to solve the crystallographic phase problem. The program FSEARCH (Hao et al., 1999; Ockwell et al., 2000; Hao, 2001 ) is capable of correctly positioning the envelope in a crystallographic unit cell. FSEARCH uses a sixdimensional search on structure factors instead of the conventional Patterson search, because the density inside the envelope is uniform, with the result that the intra-envelope vectors are uniformly distributed and therefore do not match the intramolecular (atom-to-atom) vectors represented by the Patterson function. In order to find the best match between the observed and calculated structure factors, FSEARCH performs a sixdimensional search on orientation and translation simultaneously. FSEARCH can use a pre-determined envelope from any source, such as electron microscopy (EM), small-angle X-ray scattering (SAXS) or the atomic coordinates of a homologous model structure (Hao, 2006) .
Methods
The program FSEARCH is able to perform a six-dimensional search to locate the envelope in the unit cell, which provides a starting point for further model building and refinement. The result of further model building will be regarded as an indicator of whether the search method is successful. The general workflow of our method is as follows.
(i) Model preparation. As there are always several models in one NMR PDB file, the first step is to obtain an averaged model from all models. Side-chain truncation is then applied such that any side chain longer than alanine is truncated to alanine, with flexible main-chain regions removed. The polyalanine model is placed onto a three-dimensional grid of 1 Å spacing. A molecular envelope is constructed where the grid nodes closest to each non-H atom and its six nearest neighbours are set to 1 and the other grid nodes are set to 0. An example is shown in Fig. 1 .
(ii) Six-dimensional search. The prepared envelope is delivered to FSEARCH in order to locate the correct envelope position in the unit cell. The FSEARCH result is given as a list of translations and orientations sorted in ascending order by R factor. To save computational time, it is suggested that an initial coarse search should be performed first to find a rough solution (usually 5 steps in the Eulerian angles , and and 2 Å steps in x, y and z); a finer search (usually 1 steps in , and and 1 Å steps in x, y and z) based on the rough solution can then be used in order to find the global minimum R factor.
(iii) Applying the solution. The polyalanine model prepared in step (i) is translated and oriented by the operation obtained from step (ii) with the lowest R factor.
(iv) Model building and refinement. The new model from step (iii) is delivered to an autobuilding program and is then subjected to further refinement. Since the model obtained in step (i) is an averaged model, chemical restraints such as bond lengths or bond angles might not be correct. Therefore, the autobuilding program is needed to fix this problem and also to complete parts that were missing in the initial model.
Test results
In order to test our method, several models with both NMR and crystal structures available were used as test cases. The NMR structures were used as the search models, while the crystal structures were regarded as targets. Experimental structure factors were used in FSEARCH. The aim was to test whether FSEARCH was able to correctly locate the envelope in the unit cell. The results that FSEARCH gave were passed to an autobuilding program. Success of the autobuilding program would indicate that FSEARCH gave a correct solution. The test protocol was based on the general workflow as described above in x2. A search model based on the NMR structures was obtained using CHAINSAW (Stein, 2008) . The target solution (translation and rotation) was obtained by superposing the search model onto the crystal structure using Coot (Emsley & Cowtan, 2004) . The CCP4 version of the FSEARCH program was used for the six-dimensional search (Hao, 2006) . phenix.autobuild (Adams et al., 2010 ) was used for model building.
Three NMR structures with 100% homologous crystal structures presented in Mao et al. (2011) were used in our test (BeR31, CcR55 and CtR107; Mao et al., 2011) . Also included in the test was the HMG box 5 crystal structure (PDB entry 2hdz; Rong et al., 2007) , which shows only 20% homology to the HMG box 1 NMR structure (PDB entry 1k99; Xu et al., 2002) . The transformation of the prepared atomic model to an envelope is performed within FSEARCH. The R factor at 5-7 Å resolution between the structure factors calculated from the atomic model and the envelope is in the range 14-23%. The test results are summarized in Table 1 .
For all four test cases, the conventional molecular-replacement procedure Phaser (McCoy et al., 2007) was not successful in yielding a correct solution when tested using data at both full and low resolution or using full NMR ensembles, as demonstrated by the low LLG values and also by manual examination. In contrast, the six-dimensional envelope search approach described in x2 produced the correct structures for all four cases.
It is worth noting the following. (i) In the HMG case, the NMR model (PDB code 1l8y; Yang et al., 2003) with 100% sequence identity to the crystal structure could not be placed in the correct position in the crystallographic unit cell by either Phaser or FSEARCH because the r.m.s.d. between the NMR structure and the crystal structure is too large (2.5 Å ). (ii) FSEARCH was tested using data resolutions of 5, 6 and 7 Å for each case. The first three data sets led to similar results at different resolutions, while the HMG case showed resolution sensitivity in envelope phasing (Fig. 2) . For the HMG case, only the result using 6 Å resolution data led to successful autobuilding, while the tests with 5 or 7 Å resolution data failed. A detailed analysis shows that the 6 Å resolution solution is closer to the correct position than the 5 and 7 Å resolution solutions.
Using centroid models instead of averaged models in the search
For the four cases, we also used centroid models to test our approach. The centroid models were obtained by choosing the most representative models among the NMR ensembles via the OLDERADO web service (http://www.ebi.ac.uk/pdbe/ NMR/olderado/; Kelley et al., 1997) . Other procedures in model preparation such as side-chain modification and envelope generation were performed in the same way as in the test with the averaged models. The test results are summarized in Table 2 and only the FSEARCH solutions of two cases, BeR31 and CcR55, led to a successful autobuilding. Compared with the results with the averaged models in Table 1 , the centroid models have larger r.m.s.d.s against the crystal structures. to evaluate the accuracy of FSEARCH results under different reductions in resolution (Table 3 ). The r.m.s.d. values given by the averaged models are consistently smaller than the values given by the centroid models, indicating that FSEARCH could yield a more accurate result using averaged models.
Evaluating the results
Among the four cases that we have tested, the HMG case is the most difficult not only owing to the relatively large r.m.s.d. and low sequence identity between the search model and the target crystal structure but also because this protein is the smallest (with only 91 amino acids), making this case the most sensitive to the search parameters. To investigate whether the experimental data quality or completeness could play a role in determining the success of the method, we repeated the HMG tests using the structure factors calculated from the crystal structure as the FSEARCH input. Again, the 6 Å resolution data led to successful autobuilding while the test with 5 Å resolution data failed. At 7 Å resolution, using the same number of reflections with the experimental data failed, but a complete data set with or without bulk-solvent correction was successful. The reason could be that at 5 Å resolution the (wrong) details of an envelope may prevent one from finding the solution and these details become less significant below 6 Å , but at a resolution of 7 Å the data completeness is crucial to ensure a sufficient data-to-parameter ratio.
Discussion
The conformational differences between an NMR search model and a crystal structure may result in the failure of conventional molecular-replacement procedures. In this study we have demonstrated that a low-resolution envelope would be less sensitive to these differences and gives a more intuitive view of structural similarity. Utilizing the envelope as a search model and searching at low resolution based on structure factors could provide a new method for solving difficult molecular-replacement cases when there are large discrepancies between the search model and the target structure. 
